• We hypothesized that poplar can be useful for the extraction of zinc (Zn) from contaminated soils and water. However, the physiological response and the base of tolerance of poplar plants to this heavy metal are little known.
Introduction
The increase in organic pollutants and heavy metal concentrations in natural and agricultural ecosystems has become a widespread problem. Heavy metals are natural constituents of the Earth's crust, but human activities have drastically altered their geochemical cycles and biochemical balance. Municipal waste incinerators, car exhausts, mining, smelting industry and the use of sludge or urban composts, pesticides and fertilizers have increased the flux of metals that can be transported by wind and water, thus becoming available to plants and animals (Kabata-Pendias & Pendias, 1992) .
Some heavy metals as manganese (Mn), iron (Fe), copper (Cu), zinc (Zn), molybdenum (Mo) and nickel (Ni) are micronutrients necessary to support life in biological systems (Welch, 1995) . However, at supraoptimal or higher concentrations these micronutrients become toxic and significantly dangerous to the environment and animal health. Among these, Zn is one of the most widespread metals in organic soil conditioners as cattle manure and compost from sewage sludge and municipal solid waste (Pinamonti et al ., 1997) .
Several techniques for removing heavy metals from contaminated soils have been developed, but most of them are expensive, can create long-term destabilization of the site and have the potential for increasing contaminant mobilization. In recent years, researchers have explored alternative low-cost methods for heavy metal clean up such as phytoremediation strategies (Cunningham et al ., 1995) . The process of phytoextraction is the principal method adopted in plantations for reducing heavy metal toxicity (Garbisu & Alkorta, 2001 ). These approaches arise from well-documented observations that several species (hyperaccumulators) can tolerate high levels of certain metals in the soil, and at the same time accumulate them in aerial and harvestable parts of the plant (Baker & Brooks, 1989; Robinson et al ., 1997) . As hyperaccumulator species are usually small, with slow growth rates, and herbaceous plants have a shallow root system, many authors indicate fastgrowing woody species as good candidates for phytoremediation, particularly forest trees with intrinsically low impacts on food-chain and human health (Pilon-Smits et al ., 1998; Schnoor, 1999) .
Plants have evolved a complex network of homeostatic mechanisms to (1) maintain internal concentrations of essential metals between deficient and toxic limits and (2) keep nonessential metals below their toxicity thresholds (Clemens, 2001) . Zinc plays a fundamental role in several critical cellular functions (Marshner, 1995) . Uncontrolled binding of Zn to cellular biomolecules caused by toxicity levels can result in the inactivation of proteins (Clemens, 2001 ); excessive concentrations of Zn in the nutrient medium can substitute for Mg 2+ in chlorophyll molecules (Küpper et al ., 1998) . Poplar trees have been studied for cleaning up contaminated soils and water with organic pollutants such as atrazine (Burken & Schnoor, 1997) , trichloroethylene (Newman et al ., 1997) , petroleum hydrocarbons, such as benzene, toluene and xylenes ( Jordahl et al ., 1997) , chloroacetanilide herbicides (Gullner et al ., 2001) , and for storing excess atmospheric CO 2 (Tognetti et al ., 1999) . Some researches have been conducted or are in progress on the use of poplar for the extraction or immobilization (phytostabilization) of heavy metals present in polluted sites (Punshon & Dickinson, 1997; Schnoor, 1999; Koprivova et al ., 2002) . In addition, Populus species are currently grown as cash crops for pulpwood and as a renewable energy source (Moffat et al ., 2001) . However, studies of heavy metal absorption and accumulation in poplar are limited, as are investigations on physiological responses and the basis of poplar tolerance to these elements, and mechanisms of their detoxification (Arisi et al ., 2000) .
In this study we examined the effects of high concentrations, in comparison with adequate doses (Taiz & Zeiger, 1998) , of Zn on growth parameters, Zn content in leaves, stem and roots, chlorophyll concentrations, and photosynthetic activity in Populus deltoides × Populus nigra ( Populus × euramericana ) I-214 clone, as commonly used in Italian plantations. The aim of this study was to determine levels of Zn tolerance and concentration in poplar after one growing season.
Materials and Methods

Plant material and treatments
Woody cuttings of P. deltoides × P . nigra ( P. × euramericana (Dode) Guinier) clone I-214 were rooted in mould in a nursery. In late March 2001, 28 homogeneously rooted cuttings were selected for the experiments (bud break started in mid-March) and assigned to pots (12 l). Each pot was filled with a sand-vermiculite substrate (1 : 1, v : v), with known physicochemical properties and Zn content (total Zn = 39.20 p.p.m., available Zn = 2.64 p.p.m.). All plants were supplied with macronutrients and micronutrients by a modified Hoagland's solution, as reported by Arnon and Hoagland (1940) at pH 6.7, and kept in a glasshouse; the nutrient solution was applied weekly (Zn in nutrient solution was 1 µ  ). Within the greenhouse, maximum radiation on top leaves was c. 1500 µmol photons m − 2 s − 1 , while maximum air temperature and relative humidity resulted in leaf-to-air vapour pressure difference of 2 kPa.
Considering 1 µ  as the adequate physiological requirement of Zn for plant mineral nutrition (Taiz & Zeiger, 1998 ), we tested Zn concentrations 100-and 1000-fold higher than the control solution. Zinc treatments (1 µ  control, 100 µ  and 1000 µ  ) consisted of two applications. In June and in August, Zn was added as ZnSO 4 ·7H 2 O totally dissolved in 500 ml of nutrient solution. Twenty-four plants ( n = 4) were randomly assigned to treatments. During the growth cycle, all woody cuttings were maintained with a unique stem. Visual toxicity symptoms (such as leaf chlorosis) were not observed on leaves of treated plants when compared with controls.
Growth analysis
Immediately before the beginning of Zn treatments four plants were sampled to determine the initial biomass (T 0 ). Plant material was sampled at 1.5 months since each Zn addition, at the end of July (T 1 ) and at the end of September (T 2 ), respectively. Times of exposure were 1.5 months (T 1 ) and 3.5 months (T 2 ). At harvest, each sampled plant was washed free of sand and vermiculite, and separated into leaves, stem, woody cutting and roots. Leaf area (LA) was measured using scanner and image analysis software (   , release 4.0.2, Scion Corporation, MD, USA). The number of leaves (LN), the stem length (SL) and diameter at base of stem (SDB, below the first node from the base) were also measured. All parts of the plant were then oven-dried at 60 ° C and weighed separately for dry mass and growth parameters determinations.
The relative growth rate (RGR) was estimated from the slope of the linear regression of , where M T is total plant dry mass at the sampling time t (T 1 and T 2 ), and is the initial (T 0 ) total plant dry mass. The leaf area ratio (LAR) was calculated from the equation LAR = SLA × LMR, where specific leaf area (SLA) is leaf area (m 2 ) per leaf dry mass (kg), and leaf mass ratio (LMR) is the fraction of the total biomass allocated to the leaves (mass of leaf (kg)/mass of plant (kg)). The net assimilation rate (NAR) or dry mass increment per leaf area unit was calculated as NAR = RGR / LAR. Plants were c. 2.5 m high by the end of the experiment.
Zinc determination in plant compartments
At each sampling (T 1 and T 2 ) all plant organs (leaves, stem, woody cutting and roots) were sampled separately. For each time of exposure-Zn treatment combination leaves were further separated into 'young' (LPI 1-7), and 'old' (> LPI 7). Physiological leaf age was assessed using leaf plastochron index (LPI) (Dickmann, 1971 ). The LPI is based on the leaf ln M M RGR
rank from the first fully open, but not yet completely expanded, apical leaf; leaves of LPI 1-4 were still expanding, while leaves with higher LPI were fully expanded. Plant dry samples, were ground to a powder in a laboratory mill. Aliquots were used for residual water determination at 105 ° C. The total concentration of Zn was determined after digestion in concentrated HNO 3 by atomic absorption spectrophotometer (model 373; Perkin-Elmer, Norwalk, CT, USA). Results were expressed on a dry weight basis.
Gas exchange measurements
Light response curves (A n /photosynthetic photon flux density (PPFD); net photosynthetic rate/photosynthetic photon flux density) were measured on the first fully expanded leaf (LPI 5) from four plants of each time of exposure-Zn treatment combination in June, July and August using a portable photosynthesis system (Li-6400; Li-Cor, Lincoln, NE, USA). The leaf area clipped by the chamber was 6 cm 2 . Leaf chamber temperature and humidity were adjusted to maintain a leaf-to-air vapour pressure difference of 1.1 kPa. The light response curves were obtained varying light intensity from 2000 to 0 µmol photons m − 2 s − 1 using the light source provided by the equipment (LED source, red-blue 6400-02B) and mounted on the Li-6400 cuvette, which enabled automatic changes of photon flux density (2000, 1500, 1000, 500, 200, 100, 50, 20 and 0 µmol photons m − 2 s −1 , with 120 -200 s intervals). The CO 2 flux entering the cuvette was adjusted to maintain an inside chamber CO 2 mole fraction of 370 µmol mol −1 . Light-response curves, when started at low light levels, resulted in limitation of photosynthesis at high light due to insufficient stomatal opening.
The response of A n to PPFD was modelled by a nonrectangular hyperbola, where the initial slope is the apparent quantum efficiency (φ), the light compensation point (Γ 1 ) and apparent dark respiration (R d ) are estimated from axis intercepts and the light saturated maximum (A max ) is the upper asymptote. All of these parameters were determined by fitting data to the model function, expressed as a quadratic equation, applying a minimization routine. The light compensation point was calculated as the point that the model function crosses the x-axis (A n = 0). The value of the light saturation estimate (LSE) was calculated by extrapolating the linear function described by φ and R d , to its intersection with A max (Walker, 1989) .
Chlorophyll determinations
At time of exposure T 1 and T 2 , the young leaves (0.5 g) were immediately frozen in liquid nitrogen and stored at −80°C until use. Chlorophyll (Chl) a and b were extracted by N,Ndimethylformamide (DMF) in glass, screw-capped bottles for 48 h at 4°C in the darkness. The ratio of 1 : 20 (w : v) for green material and solvent was used (Moran & Porath, 1980) . The extinction coefficients proposed by Moran (1982) were used to determine Chla and Chlb.
Statistical analysis
The experiment was set up in a completely randomized block design with four replicates. Data were averaged on a plant basis and individual means used for analysis. A two-way  was applied in order to evaluate the effect of time of exposure (T 1 and T 2 ), Zn treatment (1, 100 and 1000 µ) and the interaction between these two factors. The degrees of freedom for error were 18. A repeated-measure procedure was applied to seasonal course of gas exchange parameter determinations. Statistical analysis was conducted using  statistical package (SPSS, Evanston, IL, USA). Separation of means was performed using an LSD-test, at the 0.05 significance level. Tables 1 and 2 show the variation in growth parameters of clone I-214 for each time of exposure-Zn treatment combination. The leaf mass was influenced by both times of exposure and Zn treatments (Table 1) , showing significant increases at the end of September (T 2 ) and significant decreases as a consequence of 100 µ and 1000 µ Zn treatments compared with controls. Stem and root dry mass were not affected by Zn treatments and were influenced only by the time of exposure. The total dry mass of plants showed significant variations as a result of times of exposure and Zn treatments, but interaction between factors was not significant. At both times of exposure, 100 µ and 1000 µ Zn treatments reduced the dry mass of the whole plant, with a remarkable decrease at the highest dose of Zn, which was more pronounced at T 2 than at T 1 . The RGR resulted independent of times of exposure, but not of Zn treatments, showing a progressive and significant decrease with increasing Zn concentration in the growth solution.
Results
Growth parameters
The LA was significantly increased by time of exposure and decreased by Zn treatments (Table 2) , while the SLA and the SL were influenced only by the time of exposure. The SDB showed significant variations as a consequence of times of exposure (increase) and of Zn treatments (decrease).
The two-way analysis of variance showed that the LN was never affected by the time of exposure and the Zn treatment, or their interaction. The LAR, LMR and NAR, were influenced only by the time of exposure. The LAR, SLA and LMR decreased with time, while the NAR increased (data not shown).
Zinc concentration and content
The Zn concentration in young leaves of clone I-214 was affected by the time of exposure, while no significant effects were determined by Zn treatments, or their interaction (Fig. 1a) . In old leaves the Zn concentration showed similar trends at both T 1 and T 2 (Fig. 1b) , with higher levels at T 2 , increasing progressively from 1 µ to 1000 µ Zn treatments. Values are means ± SE for each time of exposure-Zn treatment combination (n = 4). Data were analysed independently by ANOVA to evaluate the time of exposure effect (time), the Zn treatment effect (Zn) and the interaction of these two factors (time × Zn). The significance level of the F ratio (P) is shown.
Growth parameter Control
Zn Treatment 100 µM 1000 µM Values are means ± SE for each time of exposure-Zn treatment combination (n = 4). Data were analysed independently by ANOVA to evaluate the time of exposure effect (time), the Zn treatment effect (Zn) and the interaction of these two factors (time × Zn). The significance level of the F ratio (P) is shown.
Table 2
Leaf area (LA), specific leaf area (SLA), length (SL) and diameter at the base (SDB) of the stem of Populus deltoides × Populus nigra (Populus × euramericana) clone I-214 subjected to 1 µM (control), 100 µM and 1000 µM zinc (Zn), and measured at the end of July (T 1 ) and at the end of September (T 2 ) treated plants, showing no significant differences between controls and 100 µ Zn treated plants.
The time of exposure, the Zn treatment and their interaction had a significant effect on Zn concentrations of the stem in clone I-214 (Fig. 1c) . At T 2 the mean value of Zn concentrations in the stem was twofold higher than at T 1 . The 1000 µ Zn treatment increased Zn concentrations significantly (25.6%) in the stem, while no changes were observed with the 100 µ Zn treatment compared with control plants.
The Zn treatment had a significant effect on Zn concentrations in roots of clone I-214 (Fig. 1d) . At T 2 the mean value concentrations in roots was similar to T 1 (94 p.p.m. and 92 p.p.m., respectively). The Zn 100 µ treatment decreased the Zn concentration significantly (30.5%) in roots, while no significant changes (P = 0.075) were shown by the 1000 µ Zn treatment compared with controls.
The total amount of Zn in leaves of clone I-214 was significantly higher at T 2 than at T 1 (Fig. 2a) . The Zn contents of the stem were also increased by the time of exposure (Fig. 2b) , from 1.56 mg at T 1 to 2.70 mg at T 2 . The total amount of Zn in roots (Fig. 2c ) decreased significantly at 100 µ and 1000 µ Zn compared with control plants only at T 2 , while at T 1 , differences between treatments were not significant.
The removal of Zn by the stem and leaves was significantly affected by the time of exposure, being 3.3-fold higher at the end of the plant growth cycle (September, T 2 ) than in June (T 1 ) (data not shown). Leaves and stem Zn accumulations in relation to Zn contents of the external substrate (bioaccumulation coefficient) (Fig. 2d) were altered by time of exposure, Zn treatment and their interaction; it was subjected to a significant increase from T 1 to T 2 , and to a progressive decrease through controls, 100 µ and 1000 µ Zn treated plants.
Photosynthetic parameters
Significant treatment effects were found for leaf gas exchange parameters (light response curves), measured during the growth season (Table 3 and Fig. 3 ). The A max was significantly decreased by Zn treatments (Table 3 ). The R d did not show significant variations during the course of experiment or as a consequence of Zn treatments. The φ was negatively influenced only by time of exposure, with slightly lower values in June and August than in July. The Γ 1 significantly decreased in July (25.5%) and in August (57%), regardless of treatment. The LSE showed a similar trend to Γ 1 , with the exception of plants treated with Zn 100 µ, which did not show any reductions until August (data not shown).
Light response curves showed a progressive decrease of the photosynthetic activity with increasing Zn concentrations in the substrate (Fig. 3a) . Similarly, the stomatal conductance (g s ) was negatively influenced by Zn treatments, particularly at the highest Zn concentration, as the g s was less sensitive to variations in the light intensity (Fig. 3b) .
Total Chl concentrations significantly increased (38.5%) from T 1 to T 2 (Fig. 4a) . The Chla concentrations showed a similar trend (Fig. 4b) . The Chlb concentrations were significantly , 100 µM (tinted columns) and 1000 µM (filled columns) Zn, and measured at the end of July (T 1 ) and at the end of September (T 2 ). Values are the means ± SE for each time of exposureZn treatment combination (n = 4). Data were analysed independently by two-way ANOVA to evaluate the time of exposure effect (time), the Zn treatment effect (Zn) and the interaction of these two factors (time × Zn). The significance level of the F-ratio (P) is reported.
Table 3
Leaf gas exchange parameters of Populus deltoides × Populus nigra (Populus × euramericana) clone I-214 subjected to 1 µM (control), 100 µM and 1000 µM zinc (Zn), estimated from response curves of net photosynthesis (A n ) to light level (photosynthetic photon flux density, PPFD) measured on fully expanded leaves (LPI 5) Values are means ± SE for each time of exposure-Zn treatment combination (n = 4). Cuvette conditions, parameters and equations are defined in the text. Units are µmol CO 2 m −2 s −1 for A max and R d , µmol CO 2 µmol photons −1 for φ, and µmol photons m −2 s −1 for Γ 1 . Data were analysed independently by ANOVA to evaluate the time of exposure effect (time), the Zn treatment effect (Zn) and the interaction of these two factors (time × Zn). The significance level of the F ratio (P) is shown.
influenced by times of exposure, Zn treatments and their interaction (Fig. 4c) . Chlb concentrations were 1.3-fold higher at T 2 than at T 1 and the 1000 µ Zn treatment resulted in a 12.5% decrease of the pigment compared with control plants. Chlb concentrations in 100 µ Zn treated plants were similar to controls.
Variations in Chla and Chlb concentrations did not change the ratio between the two pigments, as a result of times of exposure, Zn treatments or their interaction (Fig. 4d ).
Discussion
Compared with other micronutrients, Zn exists in biological systems at high concentrations (e.g. in serpentine soils or in the neighbourhood of mines) (Willson, 1988) . Natural levels of total Zn in soils are 30 -150 p.p.m. (Mulligan et al., 2001) , whereas in unpolluted soils total metal should be < 125 p.p.m., with available fraction as low as < 10 p.p.m. (Ebbs & Kochian, 1997) . For its importance in plant nutrition and in human diet, to date most studies deal with problems caused by Zn deficiency (Welch, 1995; Hambidge, 2000) . Information concerning Zn demand and toxicity in plants is limited, particularly in woody species (Watmough et al., 1995; Punshon & Dickinson, 1997 ). There are not univocal reports on the existence of Zn tolerance or toxicity thresholds in plants, depending on several endogenous (genotype, plant physiological conditions) and exogenous (metal bioavailability, climatic conditions) factors. For example, Punshon and Dickinson (1997) indicated 1.25 mg Zn l −1 (corresponding to 19.11 µ) as a subtoxic concentration for Salix species; Nanda Kumar et al. (1995) reported that 100 mg Zn l −1 (corresponding to 1529 µ) were not phytotoxic to Brassica juncea when added to soil mixtures. In the present experiment, aqueous solutions of Zn sulphate were used to avoid complications for real metal bioavailabilty.
The 100 µ and 1000 µ Zn treatments influenced significantly whole plant and foliage biomass of clone I-214 (Table 1) , with a consistent reduction after the second application of the highest Zn solution. However, the production of whole plant and foliage biomass went on growing from T 1 to T 2 , as confirmed by the steady-state level of the RGR. The RGR was not affected by the time of exposure, but significantly reduced by the higher Zn treatment. Stem and root growth did not contribute to this reduction (Table 1 ). The decrease in foliage biomass with increasing Zn doses was not the result of a reduction in the number of leaves, but of their area of expansion (Table 2) . Although the stem biomass (Table 1 ) and the stem length (Table 2) were not affected by Zn treatments, the stem diameter decreased in treated plants compared with controls (Table 2) . Differences in growth components suggest that, independently of time, the plant metabolism was impaired by 100 µ and 1000 µ Zn treatments.
The Zn concentration in leaves increased from T 1 to T 2 , regardless of the external Zn level (Fig. 1a,b) . This suggests that plants uptake Zn from the growth medium, in any case. At each time of exposure the Zn concentration in young leaves maintained a steady-state level, but in old leaves showed significant increases in 100 µ and 1000 µ Zn treated plants compared with controls. These results could be explained as defence or tolerance mechanisms to the excess uptake of the metal by plants; restriction of Zn transport towards young leaves and storage in old leaves. In association with the root behaviour (Fig. 1d) , at increasing Zn doses, leaf and root Zn concentrations are consistent with the observation that plants accumulate heavy metals by excluding them from regions where essential and/or sensitive metabolic processes take place (Salt et al., 1998) .
The significant and positive effect of times of exposure, Zn levels and their interaction on Zn concentrations in the stem (Fig. 1c) suggests that the presence of Zn in this compartment was simultaneously affected by Zn bioavailability and plant age.
In the first part of the growth cycle (T 1 ), Zn in young and old leaves was, on average, 2.64 and 2.80 times, respectively, more concentrated than in the stem (Fig. 1) . These proportions were slightly lower in the second part of the experiment (T 2 ). However, at T 1 and T 2 , leaves were approximately 25% of the total aboveground biomass, while the stem represented 32% and 44% at T 1 and T 2 , respectively (Table 1) . This makes the Zn content of leaves not very different from that of the stem at T 2 (Fig. 2) , and shows that increased Zn concentrations in the stem of plants treated with 1000 µ Zn cannot be explained by a 'dilution by growth', since the stem biomass was not reduced (Table 1 ). These observations confirm that fast growth rates and high biomass productions play a key role in plant capability for removing metals from substrates (Pilon-Smits et al., 1998) .
Different mechanisms or strategies have been proposed to explain plant tolerance to toxic level of metals. Some tolerant species, the so-called 'excluders', restrict metal uptake and / or their root to shoot transport. Other plants called 'includers' use sequestration and compartmentation mechanisms (Baker & Walker, 1990; Salt et al., 1998) . The higher bioaccumulation coefficient (Fig. 2d ) of controls than 100 µ and 1000 µ Zn treated plants, and its gradual increase from T 1 to T 2 (indicating continuous Zn uptake and concentration), and the export of Zn to old leaves suggest that clone I-214 adopts both strategies.
Differences in seasonal gas exchange were evident in plants subjected to different Zn levels (Table 3 ). The maximum photosynthetic rate was clearly reduced after the first treatment at 100 µ Zn, at each time of exposure (Table 3 and Fig. 4a) . Gayoor et al. (1999) also found inhibition of photosynthetic activity induced by high Zn concentrations in Bacopa monniera, which showed decreased photosynthetic rates only at the highest Zn concentrations (1000 µ). Van Assche and Clijsters (1986) observed that Zn accumulates in leaves and affects metabolic processes in the chloroplast, such as electron transport and CO 2 fixation.
Stomatal conductance and sensitivity to varying light levels were affected by increasing Zn doses, with stronger effects at 1000 µ Zn (Fig. 3b) . This could indicate that the primary response of plants to Zn toxic level involves impairments in electron transport and utilization of absorbed light energy and later morpho-physiological modifications on stomatal apparatus. Ralph and Burchett (1998) observed an increase in total chlorophyll concentrations after treatment with 10 mg l −1 of Zn (that is 153 µ) in Halophila ovalis; Gayoor et al. (1999) observed beneficial effect on photosynthesis and translocation of photosynthates in B. monniera between 100 µ and 600 µ of Zn SO 4 . In clone I-214, total chlorophyll contents were not increased by Zn treatments (Fig. 4) , while chlorophyll b underwent significant reductions in the second part of the experiment (T 2 ), after 1000 µ Zn treatment (Fig. 4c) . Moustakas et al. (1994) indicated the water-splitting side of photosystem II (PSII) and the electron transport chain as sites of photosynthesis inhibition by heavy metals. A reduction of Chlb in antennae pigments could lead to a reduction in PSII and / or photosystem I (PSI) photochemical efficiency and, finally, to a decrease of photosynthetic rate. In the pathway of chlorophyll biosynthesis there are steps in which Zn can be competitive with Mg (von Wettstein et al., 1995) . Values are means ± SE for each time of exposure-Zn treatment combination (n = 4). Data were analysed independently by two-way ANOVA to evaluate the time of exposure effect (time), the Zn treatment effect (Zn) and the interaction of these two factors (time × Zn). The significance level of the F-ratio (P) is reported.
Poplar clone I-214 exhibited varying responses to increasing Zn concentrations in the growing medium. Slight reductions in foliage and whole-plant dry mass and impairments of gas exchange properties occurred just at the first application of Zn 100 µ, while remarkable modifications of leaf area, Chlb concentration, diameter at base of the stem and Zn concentrations in old leaves, stem and roots were shown at the highest Zn dose. The analysis of such ecophysiological responses, in experiments conducted under both controlled and field conditions, are important in understanding plant mechanisms for heavy metal detoxification, with the final aim of developing plants to clean up polluted sites and thus restore soil fertility (Salt et al., 1998) . Although further studies at the biochemical and molecular levels are necessary, these results showed that clone I-214 has the potential to be used in phytoremediation of contaminated soils, containing extractable Zn in the range of 100-1000 µ (13.10-131.00 p.p.m.).
